Based on the complex vector theory, a more comprehensive doubly-fed induction generator (DFIG) impedance model under series compensated network, taking both outer loops and phase-locked loop (PLL) dynamic into consideration, is developed in stationary reference frame (αβ-frame). Then the complex vector-based impedance model is combined with the equivalent RLC circuit to intuitively and quantitatively explain the mechanism of sub-synchronous resonance (SSR) and its mitigation methods. The impact of the RSC controllers and series compensation level on the equivalent impedance and the SSR frequency of the DFIG system are analyzed. The mechanism of the two mitigating SSR methods, one is damping control and the other is virtual inductance control, is revealed based on the complex vector impedance model. Finally, the accuracy of the derived model and the theoretical analysis are verified by simulation.
I. INTRODUCTION
As a green renewable energy source, wind generation is playing an important role in addressing the present issue of global energy crisis. The doubly-fed induction generator (DFIG) has been widely used as the wind generator. However, in recent years, the interaction between the controllers of DFIG and the series-compensated grid tends to cause a new type of SSR, also named as sub-synchronous control interaction (SSCI) [1] - [4] .
The commonly used stability methods are the eigenvalue analysis based on state-space modeling [5] - [8] , and the impedance-based method [9] - [12] . It should be noted that these two methods are equivalent since the conversion can be easily made between them [13] . Recently, the impedancebased method is prevailing since it can be obtained through either analytical modeling or measurement [14] . What's more, the concept of impedance is closely and physically related to circuits, which may be easier for the interpretation of dynamics. The impedance model can be developed in dq domain by small signal linearization method [15] , [16] or in sequence domain by harmonic linearization [17] - [22] . Later, The associate editor coordinating the review of this manuscript and approving it for publication was Meng Huang . the mathematical relations between the impedance models in the different domains are explicitly revealed base on the complex vector theory [23] , and a unified impedance model is formulated [24] . Based on the unified complex vector impedance model, it can not only predict the stability impact of asymmetric dq-frame structures (e.g. the PLL and the outer controllers), but also reveal the frequency coupling effect in sequence domain [20] , [21] .
The establishment of a comprehensive and accurate model of DFIG is the basis of investigating the mechanism of SSR. A 20 th order state-space model of the entire DFIG system is developed in [6] , and modal analysis is performed in [7] to identify the four system modes. It is obvious that the model is complicated with high order and eigenvalue analysis is still a numerical method. It is difficult to reveal the mechanism of DFIG system losing stability under series compensated network compared with the impedance model. However, most of the previous impedance models are usually associated with model reductions since the complexity in deriving a detailed DFIG model [25] . e.g. [9] developed a DFIG impedance model with the inner control loop of rotor side controller (RSC) considered. Considering the influence of the PLL and the inner control loop of RSC, the sequence-domain impedance model of the DFIG was derived in [10] , [11] . Recently, it is found that the outer loops have great influence on the SSR problem of grid-connected voltage source converters thus cannot be ignored [12] . The equivalent RLC impedance model of the DFIG system considering the outer loops is developed in [26] , however, only the numerical result can be obtained due to the complexity of the system.Therefore, regarding SSR studies, it is necessary to establish an analytical DFIG impedance model with the RSC and GSC (including its outer and inner control loop), and the PLL dynamics considered.
Since the report of DFIG-related SSR event, plentiful results have been achieved. At present, it becomes widely accepted that DFIGs' controllers have evident effects on the SSR. The impact on SSR from wind speed, compensation degree and current loop proportional gains of RSC is analyzed in [9] . However, the Nyquist method can only provide qualitative results (i.e., stable or unstable) in a visual way. To facilitate intuitive and quantitative analysis of SSR, an aggregated RLC circuit model is proposed in [26] . Moreover, numerous SSR mitigation methods have been proposed by either utilizing ancillary devices [27] , [28] or improving the original controls [29] - [35] . Since the RLC circuit is expressed in the stationary frame, it will be convenient for the application of the complex vector impedance model based on the stationary frame. Therefore, the mechanism of SSR and its mitigation methods can be intuitively analyzed by combining the complex vector-based impedance model with the equivalent RLC circuit.
Based on complex vector theory, a more accurate DFIG impedance model considering both power outer loop and PLL dynamic in αβ-frame is further deduced from the dq-frame model. Since the impedance model in αβ-frame can be naturally associated with the circuit, it is convenience to combine the DFIG impedance model with the equivalent RLC circuit. And it is beneficial to analyze the impact of controller parameters and series compensation level on the SSR frequency and equivalent impedance. The impedance-frequency curve reveals that the damping of the DFIG system decreases with the increase of frequency. Thereby, two methods for SSR mitigation is proposed based on the impedance-curves of the DFIG system. One method is the damping control, which is used to increase the system damping directly; the other method is the virtual inductance control, which is used to reduce the SSR frequency and increase the system damping indirectly. Therefore, the mechanism of the two ways mitigating SSR can be revealed intuitively and quantitatively based on the complex vector impedance model.
The rest of the paper is organized as follows. In Section II, based on the complex vector theory, the unified impedance model of the DFIG system considering both the RSC and the GSC in αβ-frame will be derived. In Section III analyzes the impact of controller parameters and grid parameters on the SSR characteristics of the DFIG system based on the equivalent RLC circuit. The mechanism of two ways mitigating SSR-the damping control and virtual inductance control-are revealed based on the complex vector impedance model in Section IV. The correctness of theoretical analysis is verified by simulation in Section V. Brief conclusions are drawn in Section VI.
II. IMPEDANCE MODELING OF DFIG USING COMPLEX VECTOR THEORY
The structure of the DFIG system investigated in this paper is depicted in Fig. 1 .The whole system consists of the induction machine, both the rotor side converter (RSC) and grid side converter (GSC) as well as their inner and outer loop controllers, and the phase-locked loop (PLL). The main task of RSC is to control DFIG's stator output active and reactive power while the GSC controls the common dc bus voltage. u s (i s ), u r (i r ) represent the stator and rotor voltage (current), u l , i l represent the GSC voltage and current, u dc is the dc bus voltage, i g is the line current. 
A. COMPLEX VECTOR-BASED MODEL OF DFIG IN DQ-FRAME
The RSC and GSC mathematical model of the DFIG can be expressed by a two-by-two matrix in dq-frame [15] , [16] . The representation of complex vector defined in dq-frame is shown as follows, where x represents the variables, X represents steady value and represents small signal perturbation of the system.
Add small-signal perturbation to (1), the physical variables in the system can be expressed by the following form: 
where L s , L r represent the stator and rotor inductance, R s , R r represent the stator and rotor resistance, L m represent the mutual inductance, ω, ω 2 represent the synchronous and slip angular frequency, and the superscripts s and c indicate that the corresponding variable is in the system and controller coordinate, respectively. Cascading the RSC power loop with the current loop, and then combining the small signal model of the stator active and reactive power, the impedance model of the RSC current inner loop and power outer loop in the form of complex vector is shown as follows:
where − P s + j Q s = U * s,dq i c s,dq + I s,dq u c * s,dq , H (s) = k p,ir + k i,ir /s and M (s) = k p,pq + k i,pq /s represent the PI controllers of RSC current and power loop. The symbol * denotes the complex conjugate. If the RSC active and reactive controllers are different, then the impedance model is different from Equation (4), which will be shown in the Appendix.
The complex vector model of the PLL dynamic in dq-frame can be expressed as [24] (details are shown in the appendix):
where F(s) represents the closed-loop transfer function of the PLL, which can be expressed as:
The complex vector model of the grid side filter and the grid side controllers (cascade the GSC voltage and current loop) are shown as follows: (7) where u dc = u dc + j0, H g (s) = k p,il + k i,il /s and N (s) = k p,dc + k i,dc /s represent the PI controllers of the GSC current and the dc voltage loop, respectively. The complex vector model of the dc bus is expressed as:
The mathematical relationship between the dq-frame and αβframe impedance model can be revealed by complex transfer function and complex space vector [23] . Considering frequency translation, the dq-frame impedance model is transformed into the αβ-frame by this way [24] . For the process of frequency translation, specific explanations are given in [24] , and a brief introduction is given here. The coupled complex vector impedance model in the dq-frame can be expressed as:
The relation between the small signal physical variable in dq-frame and αβ-frame is shown as follows:
where e −jωt , e jωt represent counterclockwise and clockwise rotation of the vector, respectively. Substituting (10) into (9), the coupled complex vector impedance model in the dq-frame can be expressed as:
For a given vector at the frequency ω p , a frequency-coupled vector at the frequency 2ω − ω p is yielded from (11) . Hence, only when the frequency ω p is above 2ω, there is a coupling between the positive-sequence and negative-sequence components. Otherwise, only the positive-sequence components at two different frequencies will be brought by the asymmetric transfer matrix.
The coupling frequency of the voltage and current vector in the αβ-frame changes after frequency translation. For the convenience of expression, let s 2 = j2ω − s, then complex vector DFIG impedance model in αβ-frame is expressed as: 
Similarly, the complex vector impedance model of the PLL in the αβ-frame is expressed as:
The complex vector impedance model of the RSC controller in the αβ-frame is expressed as:
Similarly, the complex vector impedance model of the grid side filter and GSC controller in the αβ-frame can be expressed as:
The complex vector impedance model of the dc bus module in the αβ-frame is expressed as: 
The RSC impedance model is the ratio of stator voltage to stator current. Substituting PLL dynamic Equation (14) into rotor control Equation (15) 
where
Combining Equation (12)- (13) and (19), the following relationship can be acquired.
The GSC impedance model is the ratio to stator voltage and grid side filter current. First substituting Equation (20) into Equation (18) to eliminate the vectors about rotor voltage and rotor current. Then substituting PLL dynamic Equation (14) into GSC control Equation (16), then combining grid side filter Equation (17) and dc bus Equation (18), the GSC inductance model can be obtained.
The DFIG system impedance consists of two parallel branches: one is the induction generator and the RSC, and the other is the GSC and the filter. Therefore, the whole DFIG impedance can be obtained as follows:
where, Z pp , Z nn represent the complex vector of the positive and negative sequence impedance, Z cou,p , Z cou,n represent the coupling impedance introduced by the frequency coupling.
In order to verify the correctness of the impedance model proposed in this paper, the frequency sweep method are implemented for the DFIG system under sub/super synchronous conditions. Principle of frequency sweep method has been specified in [11] , [12] , [20] . At the point of common coupling (PCC), inject a small voltage perturbation signals at specific frequency superposed on the operating condition. Then extract the perturbed small-signal current, and apply FFT analysis on its α-axis and β-axis value under the corresponding frequency. Changing the voltage perturbation frequency and repeating the above steps, the DFIG system impedance can be got at each frequency point. With the parameters in Table 1 and Table 2 of the Appendix, the comparison of the theoretical calculation and simulation measurement results of DFIG output impedance in αβ-frame are shown in Fig. 2 , red curve is the theoretical calculation results and the blue circles are the simulation measurement results. In the range of 5-1000Hz, the calculated results of the positive and negative sequence impedance of the DFIG are basically consistent with the measurement results, which means that the accuracy of the DFIG frequency coupling models can be validated. It can be seen in Fig. 2 that the amplitude of the coupling impedance introduced by the frequency coupling is about 20 dB smaller than the corresponding sequence impedance in the whole frequency range. Therefore, the coupling impedance can be ignored in the analysis. Especially at the sub-synchronous frequency, the amplitude of the coupling term is very small, it has little effect on the system impedance, the influence of it is no longer considered in subsequent studies. 
III. SUB-SYNCHRONOUS RESONANCE ANALYSIS BASED ON THE COMPLEX VECTOR IMPEDANCE MODEL
The DFIG-based wind power system can be equivalent to a series RLC resonant circuit near the resonant frequency. The SSR severity of the system can be determined by the frequency characteristic curve of the DFIG input impedance [26] . Based on the physical interpretation of the complex vector impedance model, the equivalent RLC series resonant circuits can be applied to analyze the impact of different phase sequence, controller parameters and grid parameters on SSR.
It should be noted that the magnitude of the impedance in GSC is much larger than the RSC at the interested SSR region, therefore the impedance of RSC is dominant [9] . The effect of the GSC on the SSR damping and frequency is much less than that of the RSC. In [36] , it is pointed out that the larger proportional and integral gains of the PLL, and the more likely the SSR will occur. The analysis of this paper is consistent with it. Therefore, the impact of the GSC and the PLL will not be considered in the following studies.
A. SSR ANALYSIS BASED ON THE EQUIVALENT RLC SERIES CIRCUIT
The equivalent circuit of the DFIG system under series compensation is shown in Fig. 3 . L sum represents the equivalent inductance of the whole DFIG system, R sum represents the equivalent resistance of the whole DFIG system; C g represents the capacitance in the series compensated grid. U grid represents the equivalent voltage source of the grid. U dfig represents the equivalent voltage source of the DFIG. When the DFIG is connected to the series-compensated grid, the equivalent inductance, resistance and SSR frequency of the system are expressed as:
where, L dfig and L g represent the equivalent inductance of the DFIG and the grid respectively, R dfig and R g represent the equivalent resistance of the DFIG and the grid respectively. Im and Re represent the imaginary and real part of Z PP . The positive and negative sequence equivalent impedance of the series-compensated grid in the αβ-frame is expressed as: Z g,p = Z g,n = R g + sL g + 1 sC g
Combining the impedance model of the DFIG and the series-compensated grid in the αβ-frame, the equivalent impedance curves of the grid-connected DFIG system varying with frequency can be drawn in one diagram.
The intersection frequency of the equivalent inductance and capacitance is the SSR frequency of the grid-connected DFIG system. If the equivalent resistance of the system under the intersection frequency is positive, the SSR is stabilized; if the equivalent resistance of the system under the intersection frequency is negative, unstable SSR will occur.
B. ANALYSIS OF SSR IN DIFFERENT PHASE SEQUENCE
The reasons for the occurrence of SSR in the grid-connected DFIG system are shown in this section. At the SSR frequency, the rotor speed is less than the synchronous speed, thus the rotor side resistance of DFIG R rsc behaves like a negative resistance viewed from the stator terminals. Once the negative resistance exceeds the total resistances of the stator and the network, the unstable SSR will occur [33] .
In the case of positive sequence, the expression of the rotor side resistance of DFIG viewed from the stator terminals at the SSR frequency is expressed as:
where, σ p represents the slip of the machine at frequency ω ssr . When σ p (s) < 0, R r,eq is negative, if the negative resistance exceeds the total resistances of the stator and the network, the whole system will exhibit negative resistance feature and the unstable SSR will occur. In the case of negative sequence, the expression of the rotor side resistance of the DFIG system viewed from the stator terminals at the SSR frequency is expressed as: R r,eq = R rsc σ n , σ n = ω ssr + ω r ω ssr (28) It is obvious that σ n is always greater than zero. That is, the rotor side equivalent resistance of negative sequence is always positive at the SSR frequency, which means that the probability of SSR is small.
With the parameters in Table 1 and Table 2 of the Appendix, the positive and negative sequence equivalent impedance (inductance, capacitance and resistance) of the system changing with frequency are drawn in Fig. 4 . The intersection frequency of inductance and capacitance of the DFIG system is f ssr = 18Hz in positive sequence. The system damping is negative at that frequency, so the system is prone to divergent oscillation. Whereas, the system damping in negative sequence is always positive, which means the risk of negative sequence divergent oscillation is minimal. Therefore, only the positive sequence impedance is analyzed in the subsequent studies. Fig. 5 shows the system impedance-frequency curves when the proportional gain of RSC current controller k p,ir changes. With the increase of k p,ir , the equivalent resistance of the system decreases in the SSR region, indicating that the system is more prone to unstable SSR; the equivalent inductance of the system increases, indicating that the SSR frequency of the system decreases.
C. IMPACT OF CONTROLLERS AND GRID PARAME-TERS ON SSR
The impact of the proportional gain of the RSC power controller on the frequency and damping of SSR is shown in Fig. 6 . With the increase of k p,pq , the positive sequence equivalent resistance decreases in the SSR region, indicating that the system is more prone to unstable SSR; the equivalent inductance of the system increases slightly, indicating that the SSR frequency of the system decreases slightly. Fig. 7 shows the system reactance-frequency curves when the series compensation level Kc changes. With the increase of Kc, the equivalent capacitance increases and the SSR frequency increases. Since the equivalent resistance of the system decreases with the frequency increases in the SSR region, the system is more prone to unstable SSR.
IV. DAMPING OF SSR
It is clearly depicted in Fig. 4 that the equivalent resistance of the DFIG system increases with the decrease of resonance frequency in the SSR region. Hence, it is easy to think that the SSR can be mitigated by increasing the equivalent resistance VOLUME 7, 2019 or reducing the resonance frequency. Therefore, damping control can be used to increase the system damping and virtual inductance control can be used to reduce the resonance frequency. Besides, these two methods can be combined with RLC circuit to quantitatively analyze the effect of additional control methods on system damping.
A. SSR DAMPING CONTROL
The auxiliary damping controller can increase the damping of the DFIG system in the SSR region, which can effectively improve the system's stability. The RSC impedance is the dominant feature of the entire impedance model. The system damping can be improved by increasing the stator resistance, which is equivalent to introducing the stator current signal into RSC current controller, and it is easy to apply the auxiliary damping control. The RSC damping controllers are shown in Fig. 8 . The high-pass filter G HPF is used to filter the stator current steady state components, which is beneficial to eliminate the effect of additional damping control on the operating point of the system. The first-order high-pass filter is adopted in this paper, and the expression is shown in (29) . Considering the frequency range of the extracted resonant signal, the time constant of the high-pass filter T h is set to 0.5.
G HPF =
T h s T h s + 1 (29) where K damp represents the damping gain. Fig. 9 shows system resistance-frequency curves when the damping gain K damp changes. When the auxiliary damping control is introduced into RSC, the positive sequence equivalent damping of the DFIG system increases, indicating that the system's ability to suppress SSR is strengthened. However, at a higher frequency range, the damping of the DFIG system decreases, which is not conducive to the stability of the system. It is due to the negative effects that K damp can't be too large, which limits the effect of the improved controllers to mitigate the SSR.
B. VIRTUAL INDUCTANCE CONTROL
It can be found in Fig. 4 that the damping of the system increases with the decreases of resonance frequency in the SSR region. Therefore, it can be considered to improve the system stability by reducing the resonance frequency. By increasing the equivalent inductance of the DFIG system, the frequency of the SSR can be reduced. The equivalent impedance of the DFIG is dominated by the RSC, therefore it is simple and convenient to introduce virtual inductance into the RSC. Fig. 10 shows the block diagram of RSC current loop with virtual inductance control.
In Fig. 10 , G LPF represents the low-pass filter transfer function. Because the differential term is difficult to be implemented in the controller, the first-order low-pass filter is adopted with the cutoff frequency of 1000Hz. K vir represents the virtual inductance gain, and Fig. 11 shows system reactance-frequency curves when virtual inductance gain K vir changes. With the increase of K vir , the system equivalent inductance increases, indicating that the resonance frequency decreases. Subsequently the equivalent damping of the system improved indirectly, which improves the system's stability.
C. DAMPING AND VIRTUAL INDUCTANCE CONTROL
Introducing both damping control and virtual inductance control into the RSC simultaneously, there will be a better effect on SSR mitigation. On one hand, the SSR frequency is reduced; on the other hand, the DFIG system equivalent resistance increases. Fig. 12 shows that the system impedance-frequency curves when virtual inductance gain K vir and the damping gain K damp change. With the virtual inductance control and damping control taking effect simultaneously, the equivalent damping of the DFIG system is improved, and the SSR frequency is effectively reduced, which is equivalent to further increasing the damping of the DFIG system. Therefore, the damping control and virtual inductance control is better to apply simultaneously.
V. SIMULATION VERIFICATION
To validate the accuracy of the proposed impedance model as well as the correctness of the theoretical analysis based on the complex vector impedance model, a 1.5MW DFIG detail model is built in MATLAB/Simulink. The parameters of the DFIG system used in the simulation are listed in table 1 and  table 2 of the Appendix. A. IMPACT OF CONTROLLERS AND GRID PARAME-TERS Fig. 13 shows the stator current waveforms of DFIG at ω = 0.7 and 20% compensation level. Proportional gain of RSC current controller changes from 0.2 to 0.35 at 0.5s, and the waveform of stator current deteriorate because of SSR. The frequency of SSR is about 18Hz. The simulation result accords with the analysis of the RLC impedance model. Fig. 14 depicts the stator current waveforms at ω = 0.7 and 20% compensation level. Proportional gain of RSC power controller changes from 0.3 to 0.9 at 0.5s, and DFIG stator current starts to oscillate at the frequency about 18.5Hz. The simulation results accords with the analysis of the RLC impedance model. Fig. 15 presents the simulation results when the compensation level changes from 20% to 40% at 0.5s. The stator current begins to oscillate after 0.5s, and the frequency of SSR is about 25Hz. The simulation result proves that the higher the compensation level, the more unstable the system will be. The simulation result accords with the analysis of the RLC impedance model.
B. PERFORMANCE OF DAMPING AND VIRTUAL IN-DUCTANCE CONTROL
Under the condition that the compensation level is 40% and the proportional gain of the RSC power controller is 0.3, the proportional gain of the RSC current controller changes from 0.1 to 0.25 at 0.5s. The stator current waveforms of DFIG with and without the virtual inductance control are shown in Fig. 16 . After the introduction of virtual inductance control, the frequency of SSR drops from 25Hz to 21Hz, which indirectly increases the system's equivalent damping and slows down the divergence speed of the system.
Under the condition that the compensation level is 40% and the proportional gain of the RSC power controller is 0.3, the proportional gain of the RSC current controller changes from 0.1 to 0.3 at 0.5s. The simulation process is divided into four segments: a) no mitigation strategy; b) with only the damping control; c) with only the virtual inductance control; d) with the combined damping and virtual inductance control. The current waveform of phase A is shown in Fig. 17 . As can be seen from Fig. 17 , when no mitigation strategy is applied, the damping of the system is at point A, where the resistance is negative, and the frequency of SSR is about 25Hz. With only the damping control, the system damping is at point B, where the resistance increases but it's still negative, and the divergence speed of the system slows down. With only the virtual inductance control, the system damping is at point C, where the frequency of SSR drops from 25Hz to 20Hz, which indirectly increases the system's damping and slows down the divergence speed of the system. With the combined damping and virtual inductance control, the damping of the system is at point D, where the new resistance becomes positive, thereby successfully suppressing the originally unstable SSR.
Under the condition that the compensation level is 40% and the proportional gain of the RSC current controller is 0.1, the proportional gain of the RSC power controller changes from 0.3 to 0.9 at 0.5s. Fig. 18(a) shows the stator dq current waveform with/without coordinated improved control by increasing the proportional gain of the RSC power controller k p,pq , and Fig. 18(b) shows the DFIG impedance-frequency curves. It can be seen in Fig. 18 that without the coordinated improved control (damping and virtual inductance control), the stator dq current divergences (blue curves in Fig. 18(a) ) when k p,pq increases from 0.3 to 0.9, and the damping of the system changes from point A to point B(from positive to negative). Then if the coordinated improved control is applied, the stator dq axis current is stable (red curves in Fig. 18(a) ) when k p,pq increases from 0.3 to 0.9, and the damping of the system changes from point B to point C(from negative to positive), the system returns to stable.
Under the condition that the proportional gain of the RSC current controller is 0.2 and the proportional gain of the RSC power controller is 0.3, the compensation level changes from 20% to 40% at 0.5s. Fig. 19(a) shows the stator dq current waveform with/without coordinated improved control by increasing series compensation level Kc and Fig. 19(b) shows the DFIG impedance-frequency curves. It can be seen in Fig. 19 that without the coordinated improved control, the stator dq current divergences (blue curves in Fig. 19(a) ) when the com-pensation level changes from 20% to 40%, and the damping of the system changes from point A to point B(from positive to negative). Then if the coordinated improved control is applied, the stator dq current is stable (red curves in Fig. 19(a) ) when the compensation level changes from 20% to 40%, and the damping of the system changes from point B to point C (from negative to positive), the system returns to stable.
Therefore, the damping control and virtual inductance control has the ability mitigate SSR, and the influence of the two methods on system damping can be analyzed intuitively by the equivalent RLC circuit based on the complex vector impedance model proposed in this paper.
VI. CONCLUSION
The contribution of this paper is to establish the unified impedance model of DFIG by using complex vector theory, and to reveal the mechanism of SSR and its mitigation methods combining with the equivalent RLC circuit. It has following distinguished features: i) Based on the mathematical relations between the dq-frame and αβ-frame impedance model, a unified impedance model of DFIG has further been deduced using complex vector theory. It fully considers the outer loop controls and PLL dynamics and thus can be used for the accurate evaluation of SSR.
ii) Damping control can increase the damping of SSR region, whereas the virtual inductance control has the potential to reduce the SSR frequency and indirectly increase the system's damping. The unified impedance model not only helps the analysis of the interaction between DFIG system and series-compensated grid, but also has implications to the analysis of oscillations of the DFIG system under other circumstances.
